In this talk I give a theoretical overview of the rare decays B s → µ + µ − and B d → µ + µ − . The branching ratios of these decays are promising probes of New Physics, both independently and relative to each other. Recent experimental progress at the LHC has confirmed the existence of the B s → µ + µ − decay, and has not revealed any large signals of New Physics that may have been present. This raises the question of whether moderate New Physics effects can be identified in the LHC era. To that end I review several important developments in the Standard Model branching ratio predictions, and discuss how the latest measurements currently constrain New Physics. Furthermore, I highlight how a time-dependent analysis of B s → µ + µ − , which may be feasible at the upgraded CMS and LHCb detectors, can complement the search for and identification of New Physics.
Introduction
The decays B s → µ + µ − and B d → µ + µ − are promising probes of New Physics (NP) due to their rarity in the Standard Model (SM), clean theoretical description and experimental accessibility. To elucidate these features let us consider the low-energy effective Hamiltonian describing these two transitions:
with q = {s, d}, where the contributing operators are O 10 = (qγ µ P L b)(lγ µ γ 5 l), O S = (qP R b)(ll), and O P = (qP R b)(lγ 5 l), as well as the primed versions given by the interchange P L ↔ P R . The fully leptonic final state means that the generally troublesome hadronic matrix elements present in mesonic decays can be described by just one parameter, 0|O i |B 0 q ∝ f B q , the B q meson decay constants, which are most precisely calculated using lattice QCD methods. Consequently the branching ratios of these decays, which owing to their rareness are the primary observables, can be cleanly expressed as 2) where the terms 3) are associated with the two partial wave states that the muons can be produced in. Namely, P and S correspond to amplitudes with a pseudoscalar or scalar lepton density, corresponding to a CP-odd S-wave or a CP-even P-wave, respectively. In the SM the dominant topologies responsible for the required b → q flavour-changing neutral current (FCNC) are electroweak (EW) box and penguin loops. Because these processes contribute only to the operator O 10 , in the SM P = 1 and S = 0, giving a purely CP-odd state. The direct dependence of the branching ratios on the muon mass is due to the helicity suppression of the vector operator O 10 . This suppression is not present for the pseudoscalar and scalar operators O P and O S , as seen in (1.3). Therefore the B q → µ + µ − decays are especially sensitive to detecting (pseudo)scalar NP. A popular example is the Minimal Supersymmetric Standard Model (MSSM) with large tan β , for which the scalar and pseudoscalar Wilson coefficients scale as tan 3 β and thereby possibly enhance the expected branching ratios by orders of magnitude [1] .
The ratio of the branching ratios of these two decays is also an important probe of NP. In particular in models of NP that violate the Minimal Flavour Violation (MFV) assumption, which posits that flavour symmetry is only broken by the Yukawa terms of the SM, the relation
will also be violated. There has been steady experimental progress for the B q → µ + µ − decays over the past decade. Around the start of the LHC the Tevatron had succeeded in setting upper bounds for the branching ratios of B s → µ + µ − and B d → µ + µ − of 40 × 10 −8 and 6 × 10 −9 at a 95% confidence level [2] . Compared to the SM predictions of that time, (3.2 ± 0.2) × 10 −9 and (1.0 ± 0.1) × 10 −10 [3] , respectively, the LHC could have witnessed an order of magnitude enhancement. Yet four years later, experimental progress from the LHC has now culminated in the following combinations from the LHCb and CMS experiments [4, 5, 6] :
where the signal significance is also given, indicating that evidence for the latter decay is still missing. We see that the B s → µ + µ − decay is in the ballpark of its SM prediction, ruling out a smoking gun signal of NP and raising the important question of whether smallish NP in this decay can be identified in the LHC era.
Progress in Standard Model branching ratio predictions
In Refs [7, 8] it was pointed out that defining a single branching ratio for the B q meson systems -consisting of two separate mass-eigenstates -is in general ambiguous. The definition used by experiments (now denoted BR) follows from counting all available events, and is thereby proportional to the time-integrated untagged decay rate. In contrast, a branching ratio has been theoretically calculated by summing the rates of the two flavour states at t = 0 and normalizing with the mean B q lifetime τ B q (e.g. see (1.2)). The two definitions only agree in the limit of no lifetime difference for the two mass-eigenstates i.e. y q = (τ q,H − τ q,L )/(τ q,H + τ q,L ) → 0. Though this is almost true for the B d system, the B s system has a sizable difference: y s = 0.075 ± 0.012 [9] . This necessitates a dictionary to convert between the two definitions, given by [7] BR(B q → µ
for the decays at hand, where
is the mass-eigenstate rate asymmetry. As already discussed, the final state muons in the SM are produced in a CP-odd configuration. Because the B 0 s -B 0 s mixing phase cancels against the CP violating phase appearing in the decay mode, this transition proceeds purely via the heavy masseigenstate 1 . Thus A ∆Γ (B q → µ + µ − ) = 1 in the SM, leading to a maximal correction of 8% for the theoretical SM prediction [10] . There has been impressive recent progress in the calculation of perturbative loop corrections for the B q → µ + µ − processes in the SM. In Ref. [11] the next-to-leading order EW corrections have been calculated, which reduce a 7% scale and scheme uncertainty to less than 1%. And in Ref. [12] the next-to-next-to-leading order QCD corrections were calculated, reducing a scale uncertainty of 1.8% to less than 0.2% 2 . Combined with improved lattice determinations of the B q decay constants [13] , the state of the art SM predictions are [14] 
3)
In the left two plots of Figure 1 we present the corresponding updated error budgets. We observe that the CKM elements now give the dominant uncertainty. Alternatively we can substitute the two dominant uncertainties with the experimental determination of the B q mass difference ∆M q and the lattice determination of the bag parameterB B q , as proposed in Ref. [15] . Using inputs from Refs [13, 16] , the predictions in this case are
In the right two plots of Figure 1 we present the corresponding error budgets. The total errors are comparable in size while the central values are slightly lower.
Constraining New Physics with
Were the B d → µ + µ − central value in (1.6) to hold in future measurements, it would be a telling signal of NP. Unfortunately, a statistically significant discovery of this decay is only expected after the LHC upgrade [17] . Furthermore, only by the end of the LHCb and CMS upgrade runs is the ratio given in (1.4) expected to be measured with a precision of 35% and 21%, respectively [18, 17] (see Ref. [19] for a summary). We therefore proceed to consider how the discovery of BR(B s → µ + µ − ), which is currently 1 σ below its SM prediction, constrains possible NP contributing to its effective operators. The coefficients C ( ) 10 can receive NP contributions from new vector-like particle interactions. Examples include models with Z gauge bosons [20] , modified Z couplings [21, 22] , or vector-like fermions [23] . Due to the helicity suppression of these vector-like operators, constraints from other b → s + − transitions also compete, in particular B d → K * µ + µ − [24] . A good approach is therefore to make a global analysis of b → s( + − , γ) transitions, as recently performed in Ref. [25] 3 .
B s → µ + µ − has the best sensitivity for the (pseudo)scalar Wilson coefficient combinations C S −C S and C P −C P , which enter without helicity suppression. These coefficients are affected by models with flavour-changing (pseudo)scalar particles [26] , in particular two Higgs doublet models (2HDM), including the MSSM. In Figure 2 we show the regions still allowed within 2 σ interval of this branching ratio. The C S −C S are more tightly constrained compared to C P −C P because the C ( ) S do not interfere with the SM and can thereby only increase BR(B s → µ + µ − ) above its SM prediction.
Although not yet competitive in experimental precision, complementary constraints for the combinations C S +C S and C P +C P are given by the decay B d → Kµ + µ − [27] . In the MSSM the strong dependence on tan β when this parameter is large leads to strong constraints when the dominant FCNC loops interfere constructively with the SM [28] . In the case of destructive interference B s → µ + µ − is much less constraining, which is also the situation for non-supersymmetric aligned 2HDMs in general [29] .
B s → µ + µ − time-dependent observables and outlook
Because in the SM the B s → µ + µ − transition proceeds purely via the heavy mass-eigenstate, a contribution from the light mass-eigenstate would be a clear signal of NP. Specifically, its presence would signal new CP violating phases or the presence of scalar operators:
The relevant observable for probing this NP is the mass-eigenstate rate asymmetry A µ µ ∆Γ defined in (2.2), which depends on P and S as [10] It can be extracted directly from a fit to the time-dependent untagged B s → µ + µ − rate, or from an effective lifetime measurement.
Due to the small B s lifetime difference y s , in order to achieve an uncertainty of 10% for A µ µ ∆Γ a precision of 1% for the effective lifetime measurement is needed. This will be challenging for the LHCb experiment, for which a better than 5% uncertainty on the effective lifetime is projected [10] with the ∼ 350 events expected by the end of the upgrade run. In comparison, the CMS experiment expects 2096 events by the end of its high luminosity upgrade [17] . Both experiments project a similar ultimate precision on the B s → µ + µ − branching ratio of ≈ 10% due to the dominance of systematic errors, specifically the ratio of fragmentation functions f s / f d necessary for normalization. However, as the asymmetry A µ µ ∆Γ does not depend on this dominant systematic error, the desired precision might be reachable with the larger CMS data sample. or S ±(1 − P) [30] . This is realised for example in decoupled 2HDMs, such as in the MSSM at large tan β . We show this scenario in the right panel of Figure 3 , where also the lower bound BR(B s → µ + µ − )/BR(B s → µ + µ − ) SM ≥ (1 − y s )/2 present in such models is visible. We note that even if the branching ratio measurement settles exactly on the SM value, a measurement of the sign of A µ µ ∆Γ is needed to confirm or exclude a hidden NP solution. The discovery of B s → µ + µ − at the LHC is a milestone for the B q → µ + µ − decays, providing strong constraints on NP and prompting improvements in the SM predictions. We hope that the LHC will proceed to deliver a discovery of B d → µ + µ − as well as a decay-time profile of B s → µ + µ − , both of which would provide vital complementary information on the presence of NP.
